We report polarization coherent anti-Stokes Raman scattering (P-CARS) microscopy that allows vibrational imaging with high sensitivity and spectral selectivity. The nonresonant background signals from both Raman scatterers and the solvent are efficiently suppressed in P-CARS microscopy. We demonstrate P-CARS imaging of unstained cells based on the contrast of the protein amide I band.
Multiphoton microscopy based on coherent anti-Stokes Raman scattering (CARS) is becoming a powerful method for vibrational imaging. The vibrational contrast mechanism in CARS microscopy is based on the fact that the CARS signal is resonantly enhanced when the frequency difference between the pump and Stokes beams coincides with the frequency of a Raman-active vibration. After the initial work by Duncan et al., 1,2 the achievement of three-dimensional CARS imaging 3 in 1999 has stimulated many developments in CARS microscopy, which include the use of near-infrared picosecond beams, 4 ,5 collinear epidetection geometry, 5, 6 BOXCARS geometry, 7 and theoretical work on nonlinear coherent microscopy. 6, 8 CARS signals are much stronger than spontaneous Raman signals with the same average excitation power. 9 The major drawback of CARS microscopy is the existence of a nonresonant background that results from electronic contributions to x ͑3͒ . 10 The nonresonant background often dominates the CARS signal, 1,2 which, until recently, limited the detection sensitivity and impeded applications of CARS microscopy. To improve the sensitivity, one needs to reduce the nonresonant background.
The signal-to-background ratio has been significantly improved by replacement of visible laser pulses 1 with near-infrared pulses 3 because the latter allow one to avoid two-photon electronic resonance. 5 Further improvement has been obtained by use of near-infrared excitation pulses with narrow spectral widths. 5 Recently, it was demonstrated that the epidetection scheme could efficiently reduce the solvent background and improve the sensitivity. 5, 6 A general way to suppress the nonresonant background is to make use of the polarization difference between the resonant and nonresonant CARS f ields. Polarization coherent anti-Stokes Raman scattering spectroscopy (P-CARS) was demonstrated in the late 1970s. 11, 12 In this Letter we demonstrate that polarization CARS microscopy provides high vibrational contrast by suppressing the nonresonant background from both the solvent and the Raman scatterer.
The theory of P-CARS has been described elsewhere. 12, 13 Brief ly, consider a pump beam at frequency v P and a Stokes beam at frequency v S propagating along the z axis. The pump beam is linearly polarized along the x axis, and the Stokes beam is linearly polarized along a direction at an angle of f relative to the x axis, as shown in Fig. 1(a) . Suppose that v P v S is resonant with a molecular vibration. In this case the interaction of the incident beams with the sample induces a third-order polarization that contains a nonresonant part, P NR , and a vibrationally resonant part, P R . The x and y components of P NR can be written as
Similarly, the x and y components of the resonant part can be written as
In the absence of any electronic resonance in the system, x NR is a real quantity that is independent of frequency. In this case the depolarization ratio of the nonresonant CARS field, r NR x NR 2112 ͞x NR 1111 , assumes a value of 1͞3.
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NR is therefore linearly polarized with an angle of a relative to the x axis,
where the angle a is related to f by tan a r NR tan f. The nonresonant background can be removed by placement of an analyzer before the detector, with polarization perpendicular to P NR . The total projection of the two components of P R [Eq. (2)] along the direction perpendicular to P NR can be written as
Here, r R x R 2112 ͞x R 1111 is the depolarization ratio of the resonant CARS f ield. r R is equal to the spontaneous Raman depolarization ratio in the absence of electronic resonance. 13 Theoretically, the signal from P Ќ is background free. In practice, there exists a residual background because of the birefringence of the optics in the beam path and the scrambling of polarization at the tight focus. The extinction ratio is def ined as the ratio of the maximum to minimum signals obtained by rotation of the analyzer. Assuming that the extinction ratio is r for the nonresonant background, the vibrational contrast is given by
It is clear that the vibrational contrast is maximized when a equals 45
The optimal value for the angle f is then 71.6 ± , according to the relation f tan 21 ͑3 tan a͒. P-CARS microscopy can be applied to vibrational imaging by use of Raman bands with r R fi r NR . For example, if r R 0 the contrast can be improved by r͞4 times compared with the case with parallel-polarized excitation beams.
The schematic of our P-CARS microscope is shown in Fig. 2 . The pump and the Stokes beams are two synchronized 5-ps near-infrared pulse trains. Details of the laser system can be found elsewhere. 5 Both the pump and the Stokes beams are linearly polarized. The polarization direction of the pump beam is adjustable with a half-wave plate. The angle f is set at 71.6 ± in our experiment. A quarter-wave plate is used to compensate for the birefringence in the pump field that is induced by the dichroic mirror. The analyzer is installed on a rotation mount.
The extinction ratios of both the pump and the Stokes beams measured at the detector are ϳ120:1. However, a higher extinction ratio (600:1) of the nonresonant CARS signal from the water -glass interface is experimentally seen in evaluation of the polarization of the signal, as shown in Fig. 1(b) . This is because CARS is a third-order nonlinear process, and thus the depolarized components of the incident fields contribute little to the CARS signal. Figure 3 (a) shows the P-CARS spectrum for a 1-mm polystyrene bead at the water -glass interface. The two P-CARS bands at 1600 and 1582 cm 21 are coincident with the Raman bands. A high signal-to-background ratio (10:1) is obtained, indicating that the nonresonant signals from the bead and its surrounding medium are effectively suppressed. The P-CARS signal from the weak Raman band of water near 1620 cm 21 is not detectable in our experiment. The CARS spectrum of polystyrene taken with parallelly polarized pump and Stokes beams is also shown for comparison. A large nonresonant background is present, with a dip at 1608 cm 21 that arises from the interference between the resonant and nonresonant signals. 9 Figure 3(b) shows a CARS image of 1-mm polystyrene beads in water, taken without polarizationsensitive detection. A large background signal from the water can be seen from the intensity prof ile shown below the image. Figures 3(c)-3 (e) show P-CARS images of the same beads in water with v P v S tuned to 1601, 1582, and 1553 cm 21 , respectively. When v P v S is tuned to the 1601-cm 21 band, a high signal-to-background ratio can be seen from the intensity prof ile across the bead. Tuning v P v S to 1582 cm 21 results in a peak intensity that is half of that in Fig. 3(c) , which is consistent with the P-CARS spectrum [ Fig. 3(a) ] of polystyrene. The signal almost disappears when v P v S is tuned away from any vibrational resonance. The results presented above demonstrate that P-CARS microscopy allows vibrational imaging with high contrast. Figure 4 (a) shows a typical CARS image of an epithelial cell recorded without polarization-sensitive detection. v P v S is tuned to a region in which the protein amide band resides. A large background signal from water can be seen. Moreover, there is little change of contrast when v P v S is tuned, indicating the nonresonant signal from the cellular components overwhelms the resonant CARS signal. In contrast, P-CARS microscopy is capable of vibrational imaging of proteins with a high contrast. Figure 4(b) shows the P-CARS spectrum of the amide I band of N-methylacetamide. N-methylacetamide is a model compound containing the characteristic amide vibration of peptides and proteins. The amide I band at 1652 cm 21 shows a high signal-to-background ratio. P-CARS imaging of unstained epithelial cells based on the amide I band is demonstrated in Figs. 4(c) and 4(d). When v P v S is tuned to the protein amide I band at 1650 cm 21 , strong signals from small features in the cytoplasm are observed [Fig. 4(c) ]. These bright features might be mitochondria that are rich in proteins and will be the subject of future studies. The nucleus shows a weaker signal. The vibrational contrast was largely diminished when v P v S was tuned away from the amide I band to 1745 cm 21 [ Fig. 4(d) ]. This result indicates that the main contribution to the contrast is the resonant CARS signal of the amide I band.
In conclusion, polarization CARS microscopy provides high vibrational contrast by suppressing the nonresonant background from the Raman scatterer and its surrounding medium. The present work demonstrated high-sensitivity vibrational imaging of live cells based on the amide band of proteins. The average excitation power ͑ϳ2 mW͒ employed is tolerable by live cells. This methods can also be used for imaging of various chemical species in heterogeneous materials.
